Little is known about the expression and possible functions of unopposed gap junction hemichannels in the brain. Emerging evidence suggests that gap junction hemichannels can act as stand-alone functional channels in astrocytes. , and La 3ϩ ) and by gap junction blocking agents (carbenoxolone, octanol, heptanol, flufenamic acid, and 18␣-glycyrrhetinic acid) with affinities close to those reported for blockade of gap junction intercellular communication. Glutamate efflux via hemichannels was also accompanied by greatly reduced glutamate uptake. Glutamate release in DCFS, however, was not significantly mediated by reversal of the glutamate transporter: release did not saturate and was not blocked by glutamate transporter blockers. Control experiments in DCFS precluded glutamate release by volumesensitive anion channels, P2X 7 purinergic receptor pores, or general purinergic receptor activation. Blocking intracellular Ca 2ϩ mobilization by BAPTA-AM or thapsigargin did not inhibit glutamate release in DCFS. Divalent cation removal also induced glutamate release from intact CNS white matter (acutely isolated optic nerve) that was blocked by carbenoxolone, suggesting the existence of functional hemichannels in situ. Our results indicated that astrocyte hemichannels could influence CNS levels of extracellular glutamate with implications for normal and pathological brain function.
Introduction
Glutamate is the principal excitatory neurotransmitter in the brain. Astrocytes play a pivotal role in maintaining low extracellular glutamate levels; this ensures a suitable environment for synaptic transmission and prevents neuronal death from glutamate overexcitation, i.e., excitotoxicity (Olney, 1969; Choi, 1988) . Glutamate transport across plasma membranes is powered by transmembrane ionic gradients of Na ϩ , K ϩ , and H ϩ and the membrane potential (Szatkowski et al., 1990; Zerangue and Kavanaugh, 1996) . Under normal circumstances astrocytes take up glutamate against a steep concentration gradient and can convert it to glutamine for release to the extracellular space for neuronal uptake. Astrocytes, however, contain millimolar levels of glutamate (Ottersen, 1989; Levi and Patrizio, 1992; Ye et al., 2001) and also have the capacity to release this amino acid under certain conditions. Presently, three release mechanisms have been identified: (1) reverse operation of glutamate transporter (Nicholls and Attwell, 1990) ; (2) release through anion channels activated by swelling (Kimelberg et al., 1990 (Kimelberg et al., , 1995 ; and (3) release mediated by stimulated (e.g., by ATP) increases in [Ca 2ϩ ] i (Parpura et al., 1994; Bezzi et al., 1998; Parpura and Haydon, 2000) . Astrocyte glutamate release may influence synaptic transmission and signal processing (Bezzi and Volterra, 2001 ) and may mediate neural injury.
Gap junctions are a special class of ion channels that mediate intercellular transfer of molecules and ions. In the CNS, these channels are abundantly expressed in astrocytes and "couple" these cells together to form a functional syncytium (Ransom, 1995; Rose and Ransom, 1997; Ceelen et al., 2001) . Gap junctions are composed of two aligned connexin hexamers, called connexons or gap junction hemichannels, one in each of the opposed membranes. Until recently, little attention had been paid to the possibility that hemichannels might exist as stand-alone functional channels [but see Hofer and Dermietzel (1998) ; Contreras et al. (2002) ; Stout et al. (2002) ]. In the retina, however, standalone hemichannels have been anatomically identified and appear to mediate current flow (DeVries and Schwartz, 1992; Kamermans et al., 2001) .
In light of the functional significance of glutamate, it would be important to know whether glutamate passes through hemichannels and how this is regulated. We studied these questions using cultured and in situ astrocytes. Similar to reports in the literature (Hofer and Dermietzel, 1998) , we demonstrated that astrocytes in culture expressed connexin 43 (Cx43) in a distribution compatible with hemichannels. Functional hemichannels were confirmed by passage of extracellular lucifer yellow (LY) into astrocytes after removal of extracellular Ca 2ϩ and Mg 2ϩ and the ability to block this passage with gap junction blocking agents. Glutamate and other amino acids were released from astrocytes through open hemichannels. Open hemichannels also compromised glutamate uptake into astrocytes, presumably by degrad-ing ionic gradients on which glutamate uptake depends. Our results indicated that hemichannels in astrocytes might participate in "setting" the concentration of glutamate in brain extracellular space. Astrocytic hemichannels could be a major source of glutamate during metabolic inhibition when such channels appear to open (John et al., 1999; Contreras et al., 2002) .
Materials and Methods
Cell culture. Hippocampal astrocytes were cultured from neonatal rat pups (Charles River, Wilmington, MA) as described previously (Ye et al., 2001) . Cultures reached confluence within 2 weeks, and Ͼ90% of cells stained positive for the astrocyte marker glial fibrillary acidic protein (GFAP) (Sigma, St. Louis, MO). Cultures were typically used for experiments after 2-4 weeks in culture, and they were essentially free of neurons, as judged by morphology and staining with ␤-III tubulin (Promega, Madison, WI).
Immunocytochemistry. Cells cultured on glass coverslips were stained for connexin 43 and GFAP, as described previously (Ye et al., 1999) with slight modification. Antibodies were used at the following concentrations: 1 g/ml affinity-purified rabbit anti-connexin 43 (Zymed, South San Francisco, CA), and 1:2000 monoclonal Cy3-conjugated GFAP. After staining, coverslips were mounted on glass slides with Vectorshield anti-fade media (Vector, Burlingame, CA) and examined using a BioRad Raddion 1000 confocal microscope (Bio-Rad, Hercules, CA); the images were processed further with Adobe Photoshop.
Amino acid release. The artificial CSF (ACSF) solution used in the experiments contained (in mM): 116 NaCl, 3.0 KCl, 1.25 NaH 2 PO 4 , 23 NaHCO 3 , 10 glucose, 2.0 MgSO 4 , and 2.0 CaCl 2 . The latter two components were deleted in nominal divalent cation-free solution (DCFS). These HCO 3 Ϫ buffered solutions were equilibrated with 5% CO 2 /95% O 2 . Residual [Ca 2ϩ ] in DCFS was at low micromolar levels as tested by measuring proton release during application of the Ca 2ϩ chelator EGTA using the Marks and Maxfield method (Marks and Maxfield, 1991) . To avoid significant pH changes associated with Ca 2ϩ binding to EGTA when switching from ACFS to DCFS ϩ EGTA, a 30 sec period of perfusion with DCFS was interposed to eliminate most of the Ca 2ϩ . Most release experiments were performed in 24-well plates (500 l per well), in which confluent hippocampal astrocytes were first rinsed twice with ACSF to wash out culture media. In experiments testing gap junction blockers, test compounds were first applied in regular ACSF for 10 min and then rinsed twice with the final solution (e.g., DCFS ϩ gap junction blocker) and incubated for 2-20 min before collection of extracellular solutions for measurement of amino acid release. Collected samples were centrifuged at 16,000 ϫ g for 3 min, and the supernatants were stored at Ϫ80°C for HPLC analysis.
Special precaution was necessary to prevent loss of volatile long-chain alcohols, such as heptanol, from solutions, thereby reducing their effective concentration. These alcohols were mixed with DCFS immediately before use. Because of low solubility in HCO 3 Ϫ buffered solution, La 3ϩ experiments were performed in HEPES-buffered DCFS containing (in mM): 126 NaCl, 3.0 KCl, 1.25 NaH 2 PO 4 , 25 HEPES (acid), and 10 glucose, with pH adjusted to 7.40 using NaOH. At a given pH, glutamate release was similar in HEPES or bicarbonate-buffered DCFS.
To test the effects of hypotonic solution, 75 mM NaCl was omitted from the ACSF. To differentiate the effects of hypo-osmolarity from the effects of lowering [Na ϩ ] o on glutamate release, an additional control was performed by substituting 75 mM NaCl with 75 mM choline-Cl.
Dye uptake and quantification. Dye uptake experiments were performed using procedures parallel to those described above for amino acid release. Astrocytes were incubated with 1 mM LY for 10 min under test conditions and then rinsed five times with regular ACSF. For quantification of dye uptake, cells were lysed in distilled water, and the amount of LY was determined using a Fluorometer (Turner Designs, Sunnyvale, CA), with excitation filter of 420 Ϯ 10 nm and emission Ͼ475 nm. Intracellular LY concentrations were obtained by dividing the total amount of intracellular LY by cell volume. Cell volume was calculated from protein content on the basis of the principle that 1 mg of cell protein occupies a volume of 10 l.
Transport of glutamate and related compounds. Astrocytic capacity for glutamate uptake was determined by measuring the rate at which astrocytes depleted extracellular glutamate. Generally the experiments lasted 30 min, with depletion measured at several time points. Glutamate uptake rate was also determined by measuring cytoplasmic uptake (i.e., cytoplasmic content) of an inert glutamate-uptake substrate such as DLthreo-␤-hydroxyaspartate (THA). To test the effect of intracellular glutamate content on glutamate release, astrocytes were typically preloaded for 20 min with various amounts of glutamate; under these conditions, the intracellular conversion of glutamate to glutamine was outpaced by glutamate uptake.
Measurement of amino acids and related compounds. Amino acids, THA, and (1 R,3S)-1-aminocyclopentane-1,3-dicarboxylic acid (RS-ACPD) were pre-column-derivatized with o-phthalialdehyde (Sigma), separated, and measured as described previously (Ye et al., 2001 ) using HPLC. The drugs 4,4Ј-diisothiocyanatostilbene-2,2Ј-disulfonic acid (DIDS) and 4-acetamido-4Ј-isothiocyanatostilbene-2,2Ј-disulfonic acid (SITS), used to block anion channels, both autofluoresce. When these drugs were used, background fluorescence was subtracted in a manner that corresponded to the appropriate drug concentration. The amount of amino acid release was calculated from the volume of the solution and normalized to the protein content of the cultures. To measure protein contents and cytoplasmic amino acid contents, cultured cells were dissolved in 0.3 M NaOH and neutralized with HCl. Aliquots were used to measure protein concentration using the Bio-Rad protein assay kit or to measure amino acid concentration by HPLC analysis. In the latter case, proteins were first removed from the sample by a Microcon (Millipore) centrifugal filter device with a pore size of 3000 Da.
Statistics. All data were expressed as mean Ϯ SE. Statistical differences were calculated by one-way ANOVA.
Results

Functional hemichannels in astrocytes
Astrocytes primarily express Cx43 (Dermietzel et al., 1991; Giaume et al., 1991) . Immunocytochemistry showed that Cx43 was broadly distributed over cultured hippocampal astrocytes (Fig.  1a,b) . Strong plaque-like staining was found at sites where astrocyte membranes abutted, especially in confluent cultures, and probably represented Cx43 in gap junctions. However, a large percentage of staining was found in areas lacking cell-cell contacts. Connexins inserted into these unopposed membranes could be hemichannels; they could, of course, also represent reflexive junctions or connexins in intracellular vesicles (Wolff et al., 1998) .
Intercellular communication through normal Cx43 gap junctions can be blocked by pathologically elevated [Ca 2ϩ ] i . It appears that hemichannels, as well as gap junctions (Spray et al., 1982) , are gated by Ca 2ϩ (Pfahnl and Dahl, 1999) , but the Ca 2ϩ -sensitive portion of the hemichannel faces the extracellular and not the intracellular space. Ambient levels of Ca 2ϩ are in the millimolar range, keeping hemichannels predominantly in the closed state. Lowering [Ca 2ϩ ] o , therefore, opens hemichannels (Liu et al., 1995; Hofer and Dermietzel, 1998; Eskandari et al., 2002) .
Gap junctions pass small dye molecules like LY, and this dye transfer serves as a marker for open gap junctions (Gutnick et al., 1981; Liu et al., 1995) . As described by others (Hofer and Dermietzel, 1998) , removal of extracellular Ca 2ϩ caused loading of LY into astrocytes (Fig. 1d ). Astrocytes exposed to DCFS for periods up to 30 min showed no irreversible effects when returned to ACSF. To quantify the rate of dye-loading, we incubated astrocytes for variable periods with 1 mM LY in the presence or absence of divalent cations and measured intracellular LY after rinsing the cells to remove residual extracellular dye (Fig. 1f ) . Cellular volume was calculated from protein content. LY loading in DCFS showed a rapid initial phase lasting ϳ5 min followed by slower uptake; minimal LY entered astrocytes in control solution containing normal concentrations of Ca 2ϩ and Mg 2ϩ (Fig. 1f ). The effects of multivalent cations and gap junction blockers on LY loading in DCFS were tested. Astrocytes were exposed to 1 mM LY for 10 min in DCFS. At 2 mM, all tested multivalent cations (i.e., Ca 2ϩ , Mg 2ϩ , Sr 2ϩ , Ba 2ϩ , La 3ϩ ) significantly reduced LY uptake, with Ca 2ϩ being the most effective (Fig. 1g ). La 3ϩ , a hemichannel blocker (John et al., 1999; Contreras et al., 2002) , also reduced LY uptake. Carbenoxolone (CBX), a commonly used gap junctional blocker, reduced LY loading in DCFS (Fig. 1e ) in a concentration-dependent manner (Fig. 1h ). Other gap junction blockers, including octanol, heptanol, 18␣-glycyrrhetinic acid (AGA), and flufenamic acid (FFA) (Harks et al., 2001) , also significantly reduced LY loading in DCFS (Fig. 1i) . As controls, butanol and glycyrrhizic acid (GZA), which are structurally similar to the blockers heptanol and AGA, respectively, were applied and had no effect. Because the gap junction blockers presumably work via different mechanisms to block gap junctions (or hemichannels), their uniform effectiveness in blocking DCFS-induced dye loading minimizes the possibility that this effect occurred via some non-specific drug effect not related to hemichannel blockade.
Glutamate/aspartate efflux through open hemichannels
We determined whether glutamate was released from astrocytes through open hemichannels. Intracellular glutamate levels are typically Ͼ1 mM, whereas extracellular levels are in the submicromolar range, creating a steep gradient favoring glutamate efflux through passive pathways (Nicholls and Attwell, 1990) . When astrocytes were exposed to DCFS, the extracellular glutamate level increased (Fig. 2a) . Glutamate release was a direct function of [Ca 2ϩ ] o (Fig. 2b) . The divalent cations that blocked DCFSinduced LY loading (Fig. 1g ) (and see above) also reduced glutamate release in a concentration-dependent manner (Fig. 2c) . The a, b, Cx43 (green) and GFAP (red) staining in astrocytes in low-density culture ( a) and confluent culture ( b). Cx43 was located both in cell-cell junctional areas (arrows) and in non-junctional areas. c-e, Lowering divalent cation concentrations increased lucifer yellow (LY) loading into astrocytes, which was blocked by classic gap junction blockers. c, Background LY uptake in control solution. d, LY uptake by astrocytes incubated in divalent cation-free solution (DCFS) for 10 min. e, CBX (100 M) blocked LY loading in DCFS. f, Time course of LY (1 mM) loading in DCFS or in control solution (see Results). g, LY loading in DCFS was blocked by selectively restoring multivalent cations (2 mM each) in DCFS. h, Carbenoxolone, in a concentration-dependent manner, blocked LY loading in DCFS. i, Other gap junction blockers significantly reduced LY loading in DCFS. Oct, Octanol; Hep, heptanol; AGA, 18␣-glycyrrhetinic acid; FFA, flufenamic acid. As controls, butanol (But) and glycyrrhizic acid (GZA), structurally similar to heptanol and AGA, respectively, had no effects. Scale bars: a, b, 10 m; c-e, 20 m. f-i, n ϭ 6 -12 for trials. ***p Ͻ 0.001 blockers versus DCFS alone (by one-way ANOVA with Dunnett's post hoc test).
relative potency with which these divalent ions reduced glutamate release was as follows: Ca 2ϩ Ͼ Sr 2ϩ Ͼ Ba 2ϩ Ͼ Mg 2ϩ , which is the identical order of their effectiveness in blocking LY loading. La 3ϩ also reduced glutamate release in a concentrationdependent manner (Fig. 2d) .
Other gap junction blocking agents reduced DCFS-induced glutamate release from astrocytes in a concentration-dependent manner (Fig. 3) . Glutamate release in DCFS was essentially restored to the levels seen in normal Ca 2ϩ -and Mg 2ϩ -containing solution by the following concentrations of gap junction blockers: octanol Ͼ1 mM, heptanol Ն1 mM, carbenoxolone Ͼ10 M, and flufenamic acid Ͼ100 M. In contrast, shorter chain alcohols known to be less effective gap junction blockers (Rozental et al., 2001) had no effects (butanol and cyclohexanol) or less effect (hexanol) on glutamate release (Fig. 3c ). In addition, GZA, which is structurally similar to CBX and AGA but has no effect on gap junctions, had no effect on aspartate or glutamate release in DCFS (Fig. 3e) . The efficacies and potencies of the gap junction blockers were similar in reducing LY loading and inhibiting glutamate release in DCFS, suggesting that both effects were mediated by a common mechanism, most likely the blockade of open hemichannels.
Open hemichannels reduce glutamate transport For theoretical reasons, it seemed possible that open hemichannels could retard glutamate transport in astrocytes (see Discussion). To evaluate this question we measured glutamate uptake by quantifying the decline of the exogenous extracellular glutamate concentration ([Glu] o ; 50 M).
[Glu] o declined significantly slower in DCFS than in normal solution, suggesting reduced glutamate uptake when hemichannels are open. The rate of [Glu] o decline in DCFS astrocytes was substantially restored by the gap junction blocker CBX (50 M). CBX had no effect on glutamate uptake in the control solution, in which hemichannels were presumably closed (data not shown). As anticipated, decline of [Glu] o in astrocyte cultures was associated with an increase in intracellular glutamate levels ([Glu] i ) (Fig. 4b) The net reduction of glutamate uptake into astrocytes in DCFS could be caused by (1) reduced uptake with unchanged release, (2) increased release with unchanged uptake, or (3) reduced uptake with increased release. Although the above results favor the latter two possibilities, they do not distinguish between them. To do this requires a more exclusive measurement for glutamate uptake; we thus tested uptake alone using the nonendogenous transporter substrate THA, which has no initial intracellular concentration. The rate of THA uptake was indeed reduced in DCFS (Fig. 4c) . Therefore, the net reduction of glutamate accumulation in astrocytes caused by open hemichannels was caused by both reduced uptake and increased release.
Glutamate efflux in DCFS is essentially unrelated to reverse transport Exposure to DCFS opened astrocytic hemichannels, causing glutamate release and compromising glutamate uptake. It remained conceivable that glutamate transport could be affected to the point of reversing operation, in which case it would actually contribute to glutamate efflux. Experiments were done to assess this possibility.
An important characteristic of transporter-mediated events is substrate saturation. The rate of glutamate uptake in cultured astrocytes neared saturation at [Glu] o Ͼ0.1 mM (Fig. 5a) . If the efflux of glutamate in DCFS is mediated by reverse transport it should exhibit the saturation effect. On the other hand, if efflux is mediated by large-pore hemichannels, then the rate of substrate efflux should be linear with the intracellular concentration.
The intracellular glutamate level in astrocytes is determined by metabolic reactions, the availability of precursors, and glutamate uptake. In the presence of abundant extracellular glutamate, glutamate uptake outpaces enzymatic conversion, and intracellular glutamate levels can reach very high values. This principle allowed us to load astrocytes with glutamate to a wide range of final [Glu] i levels. After 20 min of incubation in solutions containing 0 -320 M glutamate, [Glu] i values were 30 -700 nmol/mg protein (Fig. 5b) , implying ϳ3.0 -70 mM [Glu] i (assuming 1 mg protein ϭ 10 l of cellular space on average). The rate of glutamate efflux from glutamate-loaded cells in DCFS increased as a linear function of [Glu] i over the entire concentration range (Fig. 5c) ; that is, glutamate efflux failed to show saturation kinetics that should have been seen even at control levels of [Glu] i , ϳ3.0 mM. The slope of this relationship was 0.139, suggesting that 13.9% of intracellular glutamate content was released per minute.
The gap junction blocking agent heptanol (2.0 mM) substantially inhibited DCFS-induced glutamate release from glutamateloaded astrocytes. Heptanol reduced the slope of release from 0.139 to 0.037 (Fig. 5c) . Control experiments showed that 2 mM heptanol alone had no significant effects on glutamate transport under control conditions. Furthermore, other gap junction blocking agents also reduced the slope of glutamate release (data not shown).
Finally, preloading astrocytes with either of the glutamate transport inhibitors THA or L-trans-pyrrolidine-2,4-dicarboxylidc acid (PDC) did not alter glutamate release in DCFS (Fig. 5d) . Moreover, both THA, which has a similar affinity for glutamate transporters as glutamate, and RS-ACPD, which has an affinity ϳ100ϫ lower than glutamate for the transporters (Ye et al., 2001) , were released at a similar rate as glutamate. All of these results implied that the majority of glutamate efflux in DCFS proceeded via open hemichannels. This route should also be available to other amino acids. Indeed, taurine, an abundant intracellular amino acid, was released from astrocytes in a [Ca 2ϩ ] o -dependent manner (Fig. 5e) , and taurine release in DCFS was blocked in a manner essentially similar to glutamate release by the hemichannel blocker CBX (Fig. 5f ). Likewise, taurine release was blocked by all other tested gap junction blockers (data not shown).
Glutamate release in DCFS did not involve ATP-activated channels, volume sensitive anion channels, or mobilization of intracellular Ca
2؉
Although the involvement of hemichannels in the release of glutamate seemed assured by the experiments above, it remained possible that other channels or mechanisms might participate as well. It has been suggested, for example, that open hemichannels can mediate ATP release (Stout et al., 2002) , which in turn may stimulate glutamate release from astrocytes (Jeremic et al., 2001) . Two mechanisms are possible: (1) ATP stimulation of the astrocytic P2X 7 purinergic receptor, which can form a pore large enough to mediate dye uptake and presumably glutamate release (Ballerini et al., 1996; Virginio et al., 1999) and (2) ATP stimulation of purinergic receptors causing intracellular Ca 2ϩ release followed by glutamate release (Jeremic et al., 2001 ). Therefore, we tested the possible involvement of ATP in DCFSinduced glutamate release. Irreversible blockade of P2X 7 receptors with 300 M oxidized-ATP (Contreras et al., 2002) had no effect on the DCFS-mediated release of glutamate and aspartate (Fig. 6a) . Application of the purinergic antagonists suramin (50 -200 M) or pyridoxalphosphate-6-azophenyl-2Ј,4Ј-disulfonic acid (PPADS) (10 -50 M) (Dubyak and elMoatassim, 1993) did not alter glutamate release in DCFS (Fig.  6b) . In addition, the potent blocker of P2 receptors, Reactive blue-2, did not reduce glutamate release in DCFS (Fig. 6c) . ATPmediated glutamate release is dependent on mobilization of intracellular Ca 2ϩ . Evidence for this manner of glutamate release was sought by blocking [Ca 2ϩ ] i mobilization with BAPTA-AM or thapsigargin (Jeremic et al., 2001) . Neither BAPTA-AM (Molecular Probes, Eugene, OR; 50 M for 45 min preincubation) nor thapsigargin (Sigma; 1 M for 45 min) changed the percentage of glutamate release in DCFS (Fig. 6d ) (as shown in Fig. 5c , the percentage of glutamate release is a more accurate indicator of open hemichannels if intracellular glutamate homeostasis is altered; BAPTA-AM and thapsigargin did change intracellular glutamate homeostasis (data not shown). These results indicated that DCFS-mediated glutamate release was unrelated to activation of ATP receptors and did not involve the mobilization of intracellular Ca 2ϩ . Astrocytes swell in hypotonic solutions and activate volumesensitive anion channels, which have been shown to mediate the release of taurine and even glutamate (Kimelberg et al., 1990 (Kimelberg et al., , 1995 . We exposed cultured hippocampal astrocytes to hypotonic solution (by removing 75 mM NaCl from the solution). To control for the effects of [Na ϩ ] o reduction, especially on glutamate and aspartate release, 75 mM NaCl was replaced by choline-Cl in the control solution (isotonic). Hypotonic solution increased release of glutamate 3.45-fold and that of taurine 8.98-fold (Fig. 6e) . Gap junction blockers (2.0 mM heptanol and 40 M AGA) that nearly completely blocked the release of glutamate and taurine in DCFS did not reduce their release in hypotonic solution. On the other hand, commonly used anion channel blockers DIDS and SITS (0.1-1.0 mM) did not block glutamate and taurine release in DCFS (Fig. 6f ) . Taken together, these data suggest that the glutamate release in DCFS is not mediated by volumesensitive anion channels. Hemichannels in situ can be opened by divalent cation removal Hemichannel expression could be artificially common in cultured astrocytes. The "two-dimensional" character of the culture environment might provide less opportunity for gap junction formation than in vivo, resulting in more hemichannels.
To verify the existence of functional hemichannels in vivo we used the acutely isolated mouse optic nerve, a relatively simple in situ CNS preparation. The absence of synapses in CNS white matter was advantageous because it eliminated the complication of Ca 2ϩ -dependent synaptic release of glutamate.
Typically, five pairs of mouse optic nerves were placed in a brain slice perfusion chamber, and stable basal levels of glutamate release were reached after 30 min at 37°C under control conditions. Control release levels were determined over the subsequent 20 min before switching to test solutions. For comparison, all release data were normalized to the average control release levels, which fall in the range of 9.2 Ϯ 2.0 nM (n ϭ 7), 5.3 Ϯ 1.2 nM (n ϭ 6), and 17.6 Ϯ 2.3 nM (n ϭ 8) for glutamate, aspartate, and taurine, respectively. Switching to DCFS ϩ 2.0 mM EGTA [EGTA was added in these experiments because it greatly increases the speed with which [Ca 2ϩ ] o falls in the optic nerve (Brown et al., 1998) ] significantly increased release of glutamate, aspartate, and taurine, which returned to basal or control levels on switching back to control solution. CBX (100 M) blocked or reduced DCFS ϩ EGTA-induced release of these amino acids (Fig. 7) . These data suggested, at least for CNS white matter, that functional hemichannels are present in vivo.
Discussion
The novel result reported here is that astrocyte hemichannels mediated massive release of glutamate and other amino acids when opened by exposure to divalent cation-reduced solution. These channels were abundant in cultured hippocampal astrocytes and also appeared to be present in CNS white matter cells in situ. Hemichannel involvement in glutamate release was confirmed by (1) appropriate distribution of Cx43, (2) characteristic permeability of these channels to LY, (3) characteristic gating by divalent cations and gap junction blocking agents, (4) appropriate release kinetics (i.e., linear with glutamate concentration gradient and nonsaturating), (5) independence from [Ca 2ϩ ] i elevation, and (6) exclusion of other channels that could have mediated Glutamate release rate was proportional to intracellular glutamate content (r ϭ 0.991). The gap junction blocker heptanol linearly reduced glutamate release (r ϭ 0.998). d, THA or PDC preloading did not affect glutamate release in DCFS, implying that release was unlikely to be mediated by reverse transport (see Results). In DCFS, THA and RS-ACPD were released from astrocytes at about the same rate as glutamate (see Results). e, Taurine was released in DCFS and blocked in a concentration-dependent manner by Ca 2ϩ . f, Taurine release in DCFS was also blocked in a concentration-dependent way by carbenoxolone. n ϭ 4 -6 for all experiments. . Glutamate/taurine release in DCFS was not mediated by purinergic receptor activation or osmotic swelling-activated anion channels and did not depend on intracellular Ca 2ϩ mobilization. a, Pretreatment with 300 M oxidized-ATP (o-ATP) for 3 hr to block P2X 7 receptor channels did not influence glutamate or aspartate release in DCFS. b, c, Purinergic receptor antagonists did not reduce glutamate or taurine release in DCFS: suramine (200 M), PPADS (50 M), RB-2 (reactive blue-2, 10 -300 M tested). d, Glutamate release in DCFS was unaffected by pretreatment with BAPTA-AM (50 M) or thapsigargin (1 M) for 45 min (vehicle: 0.1% DMSO). Results are shown as ratios of released/total glutamate (see Results). e, Hypotonic (Ϫ75 mM NaCl) solution increased glutamate and taurine release from astrocytes. Heptanol (Hep, 2.0 mM) or 18␣-glycyrrhetinic acid (AGA, 40 M) at blocking concentrations (Fig. 3 ) had no effect on release in hypotonic solution. f, The anion channel blockers DIDS (1.0 mM) and SITS (1.0 mM) did not reduce amino acid release in DCFS. n ϭ 6 for all experiments. ***p Ͻ 0. glutamate release, specifically the P2X 7 receptor channel and volume-sensitive anion channel.
On the basis of our results, the existence of this powerful glutamate release pathway must be considered under pathological circumstances during which hemichannels could be expected to be open (John et al., 1999; Contreras et al., 2002) and glutamate excitotoxicity is likely to be important. It also seems likely that a small fraction of these channels may be open under normal physiological conditions or be gated open in a controlled manner during normal activity (Quist et al., 2000; Bruzzone et al., 2001; Kamermans et al., 2001; Plotkin and Bellido, 2001) . If true, the implications for CNS physiology, ranging from synaptic transmission to development, are obvious but remain, for now, essentially unexplored.
Hemichannel gating
Unlike gap junctions, hemichannels are directly exposed to extracellular ions and thus can be effectively gated by extracellular, as opposed to intracellular, ionic changes. Although we have not tested the capacity of astrocyte hemichannels to respond to intracellular ionic changes, it seems probable that this would be the case. If so, this would provide for a complex level of permeability control that could be very important for, and a unique feature of, the overall biology of these channels.
The effectiveness with which divalent cations blocked the release of glutamate from astrocytes in DCFS was Ca 2ϩ Ͼ Sr 2ϩ Ͼ Ba 2ϩ Ͼ Mg 2ϩ . This same order applied to blocking LY loading in DCFS. These results are consistent with previous observations of LY loading into cells subjected to removal of extracellular Ca 2ϩ (Liu et al., 1996; Hofer and Dermietzel, 1998) . In contrast, the rat astrocytes studied by Contreras et al. (2002) did not exhibit sensitivity to [Ca 2ϩ ] o . The cultured cells used in those studies were "passaged" and studied within 24 hr of replating. Astrocytes clearly change their characteristics over time in culture (Sontheimer et al., 1991) , and this may be the explanation for this discrepancy. Preliminary studies indicated that glutamate release through hemichannels was also gated by H ϩ and K ϩ -mediated depolarization (Z.-C. Ye and B. R. Ransom, unpublished observations) , other biophysical features characteristic of Cx43 gap junctions (Spray et al., 1981) .
It has been known for years that plasma membranes can become leaky to a broad spectrum of small molecules at low [Ca 2ϩ ] o . (Hille, 1992) . Lowering of [Ca 2ϩ ] o can significantly change membrane surface potential, and this may have important effects on voltage-gated Na ϩ channels (Campbell and Hille, 1976; Armstrong and Cota, 1991) and K ϩ channels (Armstrong and Lopez-Barneo, 1987; Armstrong and Miller, 1990) . Our results, and those of others (Liu et al., 1996; Hofer and Dermietzel, 1998) , suggest that astrocytic hemichannels can be another important group of plasma membrane proteins that are sensitive to [Ca 2ϩ ] o . Open hemichannels would make membranes leaky to all major ions and degrade transmembrane ion gradients. In addition, as shown here, they would allow release of glutamate and probably other small neuroactive molecules that would exact their own effects via independent actions on neural membranes. The selectivity among the cytoplasmic molecules released via gap junctions or, by inference, via hemichannels does not correlate precisely with molecular size (Harris, 2001 ), but larger molecules generally diffuse through gap junctions more slowly (Imanaga et al., 1987) . Our results suggested that glutamate moved through hemichannels faster than LY, on the basis of 13.9% glutamate release (Fig. 5c ) compared with 6% LY loading (Fig. 1f ) in the first minute after exposure to DCFS. This difference could be attributable to the larger size of LY compared with glutamate. Glutamate uptake in astrocytes was greatly compromised when hemichannels were opened by the removal of divalent cations. This is most likely caused by the dissipation of transmembrane ion gradients via open hemichannels, because the effect was alleviated by hemichannel blockade by carbenoxolone (Fig. 4) .
DCFS-induced glutamate release in situ
To extend our observations about the effects of opening hemichannels beyond cultured astrocytes, we applied DCFS to isolated optic nerves, a well studied CNS white matter structure . The release of glutamate induced by DCFS was blocked by CBX, indicating that hemichannels could be activated in situ. We cannot state with certainty which cell type within the optic nerve released glutamate from hemichannels when exposed to DCFS, but astrocytes are abundant in this structure and express gap junctions (Butt and Ransom, 1993) . This observation represented proof-of-principle that functional hemichannels can be activated in situ and thus presumably in vivo.
The [Glu] o in the optic nerve that resulted when hemichannels were opened by DCFS was not determined, but it probably reached a high level, on the basis of the fact that glutamate release from this structure could be measured in the massive volume of perfusate surrounding the nerve (roughly 10 3 -fold greater than extracellular space volume). This observation has particular relevance because glutamate has been implicated in white matter injury caused by ischemia (Li et al., 1999; Baltan-Tekkok and Goldberg, 2001 ). The insight provided by this work is that hemichannels might contribute to the injury cascade in this tissue by mediating glutamate release during ischemia. Ischemic conditions appear to cause Cx43 dephosphorylation, leading to opening of hemichannels in astrocytes (Contreras et al., 2002) .
As pointed out by Contreras et al. (2002) , the actions of hemichannels and gap junctions during ischemia may be at odds with one another. If hemichannels open they would degrade ion gradients and, as shown here, cause glutamate release, events that would foster tissue damage. Gap junctions, on the other hand, might remain open during ischemia , serving to retard the degradation of ion homeostasis by equalizing ions between coupled cells (Rose and Ransom, 1997), or, in contrast, they could mediate the propagation of cell injury . A final complexity in this analysis is that open hemichannels would release other amino acids and small molecules that could have various consequences on tissue injury. The ubiquitous inhibitory neurotransmitter GABA, for example, could be released and has been shown to be protective of white matter under conditions of anoxic insult (Fern et al., 1995) . These fascinating possibilities will require further investigation.
Our findings strongly argue for the existence of functional hemichannels that would have a role in glutamate homeostasis, both directly, by mediating glutamate release, and indirectly, by reducing glutamate uptake. If indeed a small proportion of hemichannels remained open under normal physiological conditions, they might importantly influence the local [Glu] o in the vicinity of the hemichannels and, as a consequence, influence neuronal activity. This is likely the case in the retina where horizontal cells appear to have a small percentage of their hemichannels open under physiological conditions (Kamermans et al., 2001 ). Importantly, a small proportion of hemichannels seems to be permeable to glutamate (i.e., open) at [Ca 2ϩ ] o levels that are only slightly reduced from physiological levels (Fig. 2b,c) . This is consistent with the report that hemichannels can be opened by physiological fluctuations of [Ca 2ϩ ] o (Quist et al., 2000; Bruzzone et al., 2001) . Additional studies are necessary to establish the contribution of astrocytic hemichannel-mediated release of glutamate under normal conditions where [Ca 2ϩ ] o changes would be modest.
Astrocytes may also release glutamate by exocytosis in response to elevation in [Ca 2ϩ ] i (Parpura et al., 1994) , and this mechanism has been shown to modulate synaptic transmission (Bezzi et al., 1998; Parpura and Haydon, 2000) . Our results clearly suggest that elevation of [Ca 2ϩ ] i was not responsible for glutamate release mediated by the opening of hemichannels in divalent cation-reduced solution. On the other hand, it is possible that glutamate release mediated by elevation of [Ca 2ϩ ] i might involve opening of hemichannels, perhaps in addition to exocytosis. Recently, it has been shown that 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB), a presumed selective anion channel blocker, can completely block ATP-stimulated Ca 2ϩ -dependent glutamate release (Jeremic et al., 2001) . Interestingly, NPPB has been shown to be an effective blocker of Cx46 and Cx50 hemichannels (Eskandari et al., 2002) , and preliminary evidence indicates that NPPB blocks both LY loading and amino acid release in DCFS (Ye and Ransom, unpublished data) .
We have certainly not fully explored the factors that may contribute to hemichannel gating, including the role of depolarization (Spray et al., 1984) or selected pathological conditions, such as metabolic inhibition (John et al., 1999; Contreras et al., 2002) . The availability of effective hemichannel blocking agents should permit analysis of the pathophysiological role that these channels might play in both white matter, as discussed above, and gray matter. It has been shown recently that gap junction blockers can reduce the neuronal injury caused by trauma (Frantseva et al., 2002b) or by global transient cerebral ischemia (Frantseva et al., 2002a) ; these effects, of course, might have been mediated by blockade of hemichannels, not gap junctions.
